Comparative study of the direct $\alpha+d$ $\rightarrow$ $^6$Li +
  $\gamma $ astrophysical capture reaction in few-body models by Tursunov, E. M. et al.
ar
X
iv
:1
91
1.
04
48
1v
2 
 [n
uc
l-t
h]
  2
3 D
ec
 20
19
Comparative study of the direct α+ d → 6Li + γ astrophysical capture reaction in
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A comparative analysis of the astrophysical S factor and the reaction rate for the direct α(d, γ)6Li
capture reaction, and the primordial abundance of the 6Li element, resulting from two-body, three-
body and combined cluster models is presented. It is shown that the two-body model, based on
the exact-mass prescription, can not correctly describe the dependence of the isospin-forbidden E1
S factor on energy and does not reproduce the temperature dependence of the reaction rate from
the direct LUNA data. It is demonstrated that the isospin-forbidden E1 astrophysical S factor is
very sensitive to the orthogonalization procedure of Pauli-forbidden states within the three-body
model. On the other hand, the E2 S factor does not depend on the orthogonalization method.
This insures that the orthogonolizing pseudopotentials method yields a very good description of
the LUNA collaboration’s low-energy direct data. At the same time, the SUSY transformation
significantly underestimates the data from the LUNA collaboration. On the other hand, the energy
dependence of the E1 S factor are the same in both methods. The best description of the LUNA
data for the astrophysical S factor and the reaction rates is obtained within the combined E1(three-
body OPP)+E2(two-body) model. It yields a value of (0.72±0.01)×10−14 for the 6Li/H primordial
abundance ratio, consistent with the estimation (0.80 ± 0.18) × 10−14 of the LUNA collaboration.
For the 6Li/7Li abundance ratio an estimation (1.40 ± 0.12) × 10−5 is obtained in good agreement
with the Standard Model prediction.
PACS numbers:
I. INTRODUCTION
An accurate estimation of the primordial abundance
ratio of lithium isotopes still remains one of the hot top-
ics in nuclear astrophysics. Astrophysical data [1] yield
a value for this ratio that is three orders of magnitude
larger than the big bang nucleosynthesis (BBN) model
prediction [2]. The Nine-Year Wilkinson Microwave
Anisotropy Probe (WMAP) collaboration [3] reported an
estimated abundance of 7Li/H = 5.13× 10−10 for one of
the lithium isotopes. The theory reproduces this value
[4], however, the 6Li/7Li abundance ratio is still not well
established. The most important input parameter in the
BBN model is the rates of the radiative direct capture
reaction
α+ d→ 6Li + γ (1)
within the energy range 30 ≤ E ≤ 400 keV [2], where E
is the collision energy in the center of mass frame. The
reaction rates are calculated starting from astrophysical
S factors, estimated using some theoretical model or ex-
perimental data.
After multiple attempts by researchers around the
world, first direct experimental results for the astrophys-
ical S factor were obtained by the LUNA collaboration
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at an underground facility [5]. The first data set of the
LUNA collaboration at energies E=94 keV and E=134
keV [6] was further supplemented at energies E=80 keV
and E=120 keV [5]. As a result, the reaction rates esti-
mated on the base of the LUNA data underestimates the
old results of the NACRE II collaboration [7]. The BBN
model now yields even a lower estimate for the primor-
dial abundance of the 6Li element. On the other hand,
fully microscopic calculations of the above process are
still not available, although there are several works de-
voted to this problem. Some microscopic models deal
with the so-called exact-mass prescription for the esti-
mation of the isospin-forbidden E1-transition matrix ele-
ments [8, 9]. Other microscopic studies were limited only
to the E2 transition neglecting the important contribu-
tion of the E1 transition at low astrophysically-relevant
energies. As argued in Ref. [10], the exact-mass prescrip-
tion which uses the experimental mass values of nuclei,
does not have a misroscopic background and is not ap-
plicable to the astrophysical processes like d(d, γ)α and
12C(α, γ)16O. Hopefully soon, the microscopic models
that take into account the isospin mixing will be able to
describe the data [11].
The same exact-mass prescription was used in the two-
body potential models [8, 9, 12–16]. In Ref. [16] a de-
tailed comparative analysis was given for the astrophys-
ical S factor of the 6Li-formation process using different
α + d potential models and corresponding estimations
for the 6Li abundance were obtained. The two-body
models are able to describe the E2 S factor pretty well
[14] based on the correct asymptotic behaviour of the
6Li bound-state wave function adjusted to the empirical
value Cexp = 2.30 ± 0.12 fm
−1/2 of the S-wave asymp-
totic normalization constant (ANC) [17]. However, since
the exact mass prescription does not have a microscopic
background, it is natural to question how realistic are the
results for the isospin-forbidden E1 transition matrix ele-
ments, as well as for the cross section and reaction rates,
obtained in the two-body models.
For the solution of the abundance problem of lithium
isotopes, the three-body models [10, 18, 19] are developed
beyond the two-body approaches. These models include
an important contribution of the isospin mixing which is
responsible for the isospin-forbidden E1 transition from
the initial isosinglet states to the isotriplet components
of the 6Li ground state. Recent study of the isospin-
forbidden E1 S factor of the radiative α capture on the
12C nucleus within the cluster effective field theory [20]
confirms this finding.
As was shown within the three-body model [10, 19],
at energies below 100 keV the E1 S factor is important,
while beyond this region the E2 S factor becomes dom-
inant. For the calculation of the three-body α + p + n
bound state wave function of the 6Li nucleus, a realistic
α − N potential [21] was used which includes a Pauli-
forbidden state in the S wave. In above mentioned works
the method of orthogonalising pseudopotentials (OPP)
[22] has been applied for the elimination of forbidden
states in the three-body system. A resulting three-body
wave function contains a small isotriplet component of
about 0.5 %. That small isotriplet component is respon-
sible for the forbidden E1 transition and the new direct
data of the LUNA collaboration for the S factor and the
reaction rates have been reproduced within the exper-
imental error bars [10, 18, 19]. The estimated 6Li/H
abundance ratio of (0.67±0.01)×10−14 agreed well with
the value of (0.80±0.18)×10−14, extracted by the LUNA
collaboration [5]. The obtained estimate for the 6Li/7Li
abundance ratio of (1.30± 0.12)× 10−5 [19] is consistent
with the standard BBN model [2], and underestimates
the astronomical data of (8.0± 4.4)% [23] and of (0-2)%
[24] by three orders of magnitude.
On the other hand, a value C = 2.12 fm−1/2 of ANC
of the S-wave α + d configuration calculated from the
α+ p+ n three-body bound-state wave function [10, 19]
is somewhat smaller than the above mentioned empirical
value of Cexp = 2.30± 0.12 fm
−1/2 [17] which was repro-
duced in the two-body model. Owing to the fact that
the E2 S factor at low astrophysical energies is mostly
defined by the ANC, one can conclude that the three-
body model is still not optimal for the estimation of the
astrophysical S factor and reaction rates as well as the
abundance of the 6Li element.
The aim of present work is a comparative study of
the astrophysical S factor of the direct α(d, γ)6Li cap-
ture reaction, as well as the reaction rates and the pri-
mordial abundance of the 6Li element within few-body
cluster models. While the astrophysical S factors and
reaction rates have been studied separately in two-body
[14] and three-body models [10, 18, 19], an optimal de-
scription of the direct experimental data of the LUNA
collaboration has not been obtained. Here we exam-
ine a combined E1(three-body)+E2(two-body) model for
the description of the direct experimental data, based on
the viewpoint that the E2 S factor should be better de-
scribed within the two-body framework due to almost
exact reproduction of the empirical value of the ANC.
Another interest is to see, how close both absolute values
and energy dependence of the E1 and E2 astrophysical
S factors in two-body (within the exact-mass prescrip-
tion) and three-body models to the direct data of the
LUNA collaboration. Also important is a behavior of
the reaction rate and its temperature dependence. Next
important issue is a sensitivity of the results for the S
factor to the projecting method used in the variational
calculations of the 6Li ground-state wave function. To
this end the astrophysical S factor is estimated using the
three-body wave function of the 6Li ground state, calcu-
lated within the supersymmetric transformation (SUSY)
method [25]. The result are compared with those from
the OPP approach [22]. The OPP method yields a nodal
behavior for the α+N relative motion wave function due
to a Pauli-forbidden state in the S wave, while the SUSY
transformation does not keep this microscopic property,
producing a two-body phase-equivalent shallow potential
with a core.
II. THEORETICAL MODEL
A formula for the cross section of the radiative capture
process can be written in the form
σE(λ) =
∑
JiTipii
∑
JfTfpif
∑
Ωλ
(2Jf + 1)
[I1] [I2]
32pi2(λ+ 1)
h¯λ ([λ]!!)
2 k
2λ+1
γ
×
∑
lωIω
1
k2ωvω
| 〈ΨJfTfpif ‖MΩλ ‖Ψ
JiTipii
lωIω
〉 |2, (2)
where Ω =E for electric transition or M for magnetic
transition, ω denotes the entrance channel, kω, vω, Iω are
the wave number, velocity of the α − d relative motion
and the spin of the entrance channel, respectively, Jf , Tf ,
pif (Ji, Ti, pii) are the spin, isospin and parity of the final
(initial) state, I1, I2 are channel spins, kγ = Eγ/h¯c is the
wave number of the photon corresponding to the energy
Eγ = Eth + E with the threshold energy Eth = 1.474
MeV. The wave functions ΨJiTipiilωIω and Ψ
JfTfpif represent
the initial and final states, respectively.
In the three-body model the initial-state wave func-
tion ΨJiTipiilωIω is factorised into the deuteron wave func-
tion and the α + d two-body scattering wave function.
The final α + p + n three-body bound-state wave func-
tion of the 6Li ground state was calculated within the
hyperspherical Lagrange-mesh method [26]. In the two-
body model the initial- and final-state wave functions
contain a point-like deuteron. These wave functions are
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obtained by solving the two-body Schro¨dinger equation
for the α + d bound and scattering states [14], respec-
tively. The reduced matrix elements of the E1 and E2
operators are calculated using the initial and final state
wave functions described above. Additionally, we use
short-hand notations [I] = 2I + 1 and [λ]!! = (2λ + 1)!!.
Details of calculations of the matrix-element can be found
in Refs. [14, 18].
The astrophysical S factor of the process can be writ-
ten with the help of the cross section as [27]
S(E) = E σE(λ) exp(2piη), (3)
where η is the Coulomb parameter.
III. NUMERICAL RESULTS
A. Details of calculations
We performed calculations of the cross section and as-
trophysical S factor using the same parameters as in Refs.
[10, 19]. In particular, the radial wave function of the
deuteron is obtained using the central Minnesota poten-
tial VNN [28, 29] with h¯
2/2mN = 20.7343 MeV fm
2. The
Schro¨dinger equation for the bound state is solved using
the Lagrange-Laguerre mesh method [30]. It yields Ed=-
2.202 MeV for the deuteron ground-state energy with the
number of mesh points N = 40 and a scaling parameter
hd = 0.40.
The bound and scattering wave functions of the α− d
relative motion are calculated with a deep potential of
Dubovichenko [31] with a modification in the S wave
[14]: V
(S)
d (R) = −92.44 exp(−0.25R
2) MeV. The poten-
tial parameters in the 3P0,
3P1,
3P2 and
3D1,
3D2,
3D3
partial waves are identical with the Ref. [31]. The po-
tential contains additional Pauli-forbidden states in the
S and P waves. The above modification of the S-wave
potential allows one to reproduce the empirical value
Cαd = 2.31 fm
−1/2 of the asymptotic normalization coef-
ficient (ANC) of the 6Li(1+) ground state which can be
extracted from the α − d elastic scattering cross section
[17].
The final three-body α + p + n wave function of the
6Li(1+) ground-state is calculated using the hyperspher-
ical Lagrange-mesh method [26, 30, 32] with the same
Minnesota NN-potential.
The α − N potential of Voronchev et al. [21], con-
taining a deep Pauli-forbidden state in the S-wave was
slightly renormalized with the help of a scaling factor of
1.014 in order to reproduce the bound-state energy of
Eb(
6Li)=3.70 MeV. The Coulomb potential in the α− p
subsystem is taken in the form 2e2 erf(0.83R)/R [29].
For the solution of the coupled hyperradial equations the
Lagrange-mesh method [30] was applied. A convergence
in the energy requires large value of the maximal hyper-
momentum Kmax in the hypermomentum expansion. It
is also important to check convergence of the isotriplet
(T = 1) component of the 6Li ground state.
For the treatment of the Pauli-forbidden states in the
three-body system one can use the OPP method [22] or
the SUSY transformation [25] of the initial α − N nu-
clear interaction potential. The first method allows to
solve the the three-body Schro¨dinger equation dynami-
cally, while controlling the convergence in the energy with
respect to the projecting constant λ. At large values of
λ the energy spectrum of the system should not change
significantly which means convergence. The SUSY trans-
formation yields a potential with a core which gives the
same phase shift, but one less bound state in the S wave
α−N spectrum. In our previous works we mostly use the
OPP method [10, 19]. First probe of the SUSY method
for the astrophysical S factor [33] shows a significant dif-
ference between the two methods. In the present work we
aim to study this comparison in more details including
the sensitivity of the reaction rate.
B. Astrophysical S factors
To start with we note that the two SUSY and OPP
methods yield a very similar convergence of the bind-
ing energy. In both cases the binding energy of the
6Li ground state E = −3.70 MeV is obtained with
the maximum value of hypermomentum Kmax = 24.
However, the isospin structure of the 6Li ground-state
wave function in these two cases shows very different
pictures. Specifically, the important isotriplet (T = 1)
component of the 6Li ground-state wave function calcu-
lated with the OPP method has a norm square of about
5.27×10−3, while in the case of the SUSY method the
latter is 1.10×10−4. As we noted above, the E1 astro-
physical S factor of the α(d, γ)6Li direct capture reaction
is very sensitive to the isotriplet component of the final
6Li ground state. Therefore, the two different orthog-
onalization methods, SUSY and OPP, should give very
different values for the astrophysical S factor, the rate of
the direct capture reaction, and primordial abundance of
the 6Li element. On the other hand, it is important to
compare the energy behaviour of the E1 S factor in both
cases.
Figure 1 displays the E1 astrophysical S factor of the
α(d, γ)6Li direct radiative capture reaction estimated
within the two-body model and three-body OPP and
SUSY models. As can be seen from the figure, the three-
body models yield the same behavior but the two-body
model gives different energy dependence. On the other
hand, the S factor, estimated within the SUSY method is
more than one order-of-magnitude smaller, than the OPP
approach. The obtained result confirms a high sensitive
of the E1 astrophysical S factor to the orthogonalization
method when solving the three-body Schro¨dinger equa-
tion. Similar effects have been found in Refs. [34, 35]
where the beta-decay transition probability of the 6He
halo nucleus to the α−d continuum turns out to be very
sensitive to the node position of the S wave α+d scatter-
ing wave function at short distances, obtained with the
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FIG. 1: Astrophysical E1 S factor of the direct α(d, γ)6Li
capture process. The line for the three-body OPP model is
from Refs. [10, 19], and the line for the two-body model is
from Ref. [14].
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FIG. 2: Astrophysical E2 S factor of the direct α(d, γ)6Li
capture process. The line for the three-body OPP model is
from Refs. [10, 19], and the line for the two-body model is
from Ref. [14].
OPP method. At the same time, the SUSY method does
not give any nodal behaviour of the scattering or bound-
state wave functions at short distances. The same role of
the short-range node in the α+d scattering wave function
on the M1-transition probability of the 6Li(0+) isobar-
analog state to the α + d continuum was found in Ref.
[32]. In the present study, the α − N scattering wave
function has a short-distance node in the case of using
the OPP method which yields a substantial contribution
to the isotriplet component of the total 6Li ground-state
wave function. The two-body model, as was indicated
above, is based on the so-called exact-mass prescription
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FIG. 3: Astrophysical S factor of the direct α(d, γ)6Li capture
process. The line for the three-body OPP model is from Refs.
[10, 19], and the line for the two-body model is from Ref. [14].
and does not contain any isospin-transition term unlike
the three-body models. This is why the two-body model
fails to reproduce the energy dependence of the E1 as-
trophysical S factor.
The E2 astrophysical S factors calculated in the two-
body and three-body models are presented in Fig. 2.
From the figure one can conclude that the three-body
OPP and SUSY methods result very similar estimations.
Thus, one can conclude that the E2 S factor is not sensi-
tive to the orthogonalization method used in the calcula-
tions of the wave function of the 6Li ground state. On the
other hand the two-body E2 S factor is larger than the
three-body result. Indeed, the S-wave ANC of C2 = 2.31
fm−1/2 [14] of the α+d configuration within the two-body
model is closer to its empirical value of Cexp = 2.30±0.12
fm−1/2 [17] than the values C3 = 2.12 fm
−1/2 (OPP) and
C3 = 2.05 fm
−1/2 (SUSY), calculated from the overlap
integral of the 6Li ground-state and deutron wave func-
tions within the three-body models [10, 19]. Since the
asymptotic behavior of the bound-state wave function of
the 6Li nucleus is crucial for the description of the E2
S factor at low astrophysical energies, the corresponding
two-body results for the E2 S factor describe the experi-
mental data better than the three-body models.
Figure 3 shows the theoretical total astrophysical S
factors for the reaction of interest. The results are com-
pared with the direct data of the LUNA collaboration
[5, 6] and data from Refs. [36–38]. Owing to the signifi-
cant influence of the orthogonalization procedure on the
quality of the three-body wave function, one can indeed
see a substantial difference between the OPP and SUSY
results as the energy reduces. To be specific, the first
method describes the direct data of the LUNA collabora-
tion quite well, however, the SUSY transformation leads
to a substantial underestimation. On the other hand the
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two-body model yields larger estimates for the S factor,
especially at low energies although they are still within
the experimental error bars of the LUNA data. The best
description of the LUNA data is obtained within the com-
bined E1(three-body OPP)+E2(two-body) model. This
combination is more preferable, since it is based on the
best descriptions of the E1 and E2 S factors within the
cluster model.
C. Reaction rates and abundance of the 6Li
element
For the estimation of the reaction rates we use the for-
malism which was described in details in Ref.[19]. When
variable kBT is expressed in units of MeV, where kB is the
Boltzmann coefficient, it is customary to use a new vari-
able T9 for the temperature in units of 10
9 K according to
the equation kBT = T9/11.605 MeV. In our calculations
T9 varies within the interval 0.001 ≤ T9 ≤ 10.
In Fig. 4 we display the theoretical reaction rates of the
direct α(d, γ)6Li capture process calculated within two-
body and three-body models in the temperature interval
106 K ≤ T ≤ 1010 K (0.001 ≤ T9 ≤ 10), in comparison
with the LUNA 2017 analysis [5] and the results of the
NACRE II collaboration [7], normalized to the standard
NACRE 1999 data [39]. As can be seen from the figure,
the three-body OPP method yields a good description of
the direct LUNA data, while the three-body SUSY model
goes much below the error bar. In addition, the OPP
model reproduces the temperature dependence of the re-
action rates. Although the two-body model results lie
within the experimental error bars of the LUNA data, the
temperature dependence of the data is not reproduced.
Again, the best description of the direct LUNA data for
the absolute values and temperature dependence of the
reaction rates is obtained within the combined E1(three-
body OPP)+E2(two-body) model.
For the estimation of the abundance of the 6Li el-
ement, the theoretical reaction rate is approximated
within 1.40% (the two-body model), 1.89% (the three-
body OPP model) and 1.88% (the combined model) by
the following analytical formula:
N24(σv) =p0T
−2/3
9 exp(−7.423T
−1/3
9 )× (1 + p1T
1/3
9
+ p2T
2/3
9 + p3T9 + p4T
4/3
9 + p5T
5/3
9 + p6T
2
9
+ p7T
7/3
9 ) + p8T
−3/2
9 exp(−7.889T
−1
9 ). (4)
The coefficients of the analytical polynomial approxima-
tion of the d(α, γ)6Li reaction rates estimated within the
two-body and three-body OPP models are given in Table
1 in the temperature interval 0.001 ≤ T9 ≤ 10.
On the basis of the theoretical reaction rates and
with the help of the publicly available PArthENoPE [40]
code we have estimated the primordial abundance of the
6Li element. If we adopt the Planck 2015 best fit for
the baryon density parameter Ωbh
2 = 0.02229+0.00029−0.00027
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FIG. 4: Reaction rates of the direct α + d →6Li+γ capture
process within the two-body and three-body models normal-
ized to the NACRE 1999 experimental data [39]. The line
for the three-body OPP model is from Ref. [19]. The shaded
area is for the error bar of the LUNA 2017 data [5].
[41] and the neutron lifetime τn = 880.3 ± 1.1 s [42],
for the 6Li/H abundance ratio we have an estimation
of (0.89-0.92)×10−14, (0.66 - 0.68)×10−14, and (0.71-
73)×10−14 within the two-body, three-body OPP, and
combined E1(three-body OPP)+E2(two-body) models,
respectively. These numbers are consistent with the new
estimation 6Li/H=(0.80±0.18)×10−14 of the LUNA col-
laboration [5]. However, as shown above, the two-body
model does not reproduce the temperature dependence of
the experimental reaction rates, hence the corresponding
estimation for the 6Li/H abundance ratio is not realis-
tic. If we adopt a value of (5.2± 0.4)× 10−10 [4] for the
7Li/H abundance ratio, then within the combined model
we have an estimation of (1.40 ± 0.12) × 10−5 for the
6Li/7Li abundance ratio. The latter agrees well with the
Standard Model estimation [2].
IV. CONCLUSION
The astrophysical S factor and the reaction rates of the
direct α(d, γ)6Li capture reaction, as well as the primor-
dial abundance of the 6Li element have been estimated
within two-body, three-body and combined cluster mod-
els. It is shown that although the two-body model based
on the exact mass prescription can describe the astro-
physical S factor of the LUNA collaboration within the
experimental error bars, at the same time, it does not
reproduce the temperature dependence of the reaction
rate. This is a consequence of the fact the exact-mass
prescription for the estimation of the isospin-forbidden
E1 transition matrix elements is invalid. Within the
three-body model a sensitivity of the theoretical astro-
physical S factor to the orthogonalization procedure has
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TABLE I: Fitted values of the coefficients of analytical approximation for the reaction rates of the direct capture process
α(d, γ)6Li
Model p0 p1 p2 p3 p4 p5 p6 p7 p8
two-body 9.659 -2.223 29.296 -96.733 169.841 -140.218 57.705 -9.152 61.663
three-body OPP 6.004 -2.558 34.730 -115.482 205.801 -169.456 71.428 -11.614 42.354
E1(three-body OPP)+E2(two-body) 6.741 -3.731 41.646 -137.035 242.156 -201.509 85.095 -13.814 61.752
been examined. It is found that the isospin-forbidden E1
S factor is very sensitive to the orthogonalization proce-
dure used during the calculations of the 6Li ground state
wave function. However, the E2 S factor shows a differ-
ent picture and is independent of the orthogonalization
method. As a conclusion, the OPP method describes
the direct LUNA data very well, while the SUSY trans-
formation significantly underestimates them. However,
one can note that both methods yield the same energy
dependence of the E1 S factor.
The best description of the LUNA data for the as-
trophysical S factor and the reaction rates is obtained
within the combined E1(three-body OPP)+E2(two-
body) model. It yields a value of (0.72 ± 0.01) × 10−14
for the 6Li/H primordial abundance ratio, consistent with
the estimation of (0.80± 0.18)× 10−14 of the LUNA col-
laboration. And for the 6Li/7Li abundance ratio an esti-
mation of (1.40±0.12)×10−5 was obtained in agreement
with the Standard Model prediction.
Acknowledgments
The authors thank D. Baye and P. Descouvemont for
useful discussions of the presented results. ASK was sup-
ported by the Australian Research Council.
[1] M. Asplund, et al. Astrophys. J., 644, 229 (2006).
[2] P.D. Serpico, et al., J. Cosmol. Astropart. Phys. 12, 010
(2004).
[3] G. Hinshaw et al., Astrophys. J. Suppl. 208 19 (2013).
[4] A. Kontos, E. Uberseder, R. de Boer et al., Phys. Rev.
C87 065804 (2013).
[5] LUNA Collaboration (D. Trezzi, et al.) Astropart. Phys.
89 57 (2017).
[6] LUNA Collaboration (M. Anders, et al.)
Phys. Rev. Lett. 113, 042501 (2014).
[7] Y. Xu, K. Takahashi, S. Goriely, et al. (NACRE II), Nu-
clear Physics A918 61 (2013).
[8] K.M. Nollett, R.B. Wiringa and R. Schiavilla, Phys. Rev.
C 63 024003 (2001).
[9] S. Typel, G. Blu¨ge and K. Langanke, Z. Phys. A 339 335
(1991).
[10] D. Baye and E. M. Tursunov, J. Phys. G: Nucl. Part.
Phys. 45 085102 (2018).
[11] S. Mickevicius, A. Stepsys, D. Germanas, and
R.K. Kalinauskas, Phys. Atom. Nuclei 81 899 (2018).
[12] S. Typel, H. Wolter and G. Baur, Nucl. Phys. A 613 147
(1997).
[13] A.M. Mukhamedzhanov, L.D. Blokhintsev and
B.F. Irgaziev, Phys. Rev. C 83 055805 (2011).
[14] E.M. Tursunov, S.A. Turakulov and P. Descouvemont,
Phys. At. Nucl. 78 193 (2015).
[15] A.M. Mukhamedzhanov, Shubhchintak and C.A. Bertu-
lani, Phys. Rev. C93 045805 (2016).
[16] A. Grassi, G. Mangano, L.E. Marcucci, and O. Pisanti,
Phys. Rev. C 96 045807 (2017).
[17] L.D. Blokhintsev et al. Phys. Rev. C 48 2390 (1993).
[18] E. M. Tursunov, A. S. Kadyrov, S. A. Turakulov and I.
Bray, Phys. Rev. C 94 015801 (2016).
[19] E. M. Tursunov, S. A. Turakulov, A. S. Kadyrov and I.
Bray, Phys. Rev. C 98 055803 (2018).
[20] Shung-Ichi Ando, Phys. Rev. C 100, 015807 (2019).
[21] V.T. Voronchev, V.I. Kukulin, V.N. Pomerantsev and
G. Ryzhikh, Few-Body Syst. 18 191 (1995).
[22] V.I. Kukulin, V.N. Pomerantsev and E.M. Tursunov,
Phys. At. Nucl. 59 757 (1996).
[23] A. Mott, M. Steffen, E. Caffau, F. Spada and
K. G. Strassmeier, Astron. Astrophys. 604 A44 (2017).
[24] R. Cayrel, M. Steen, H. Chand et al., Astron. Astrophys.
473 L37 (2007).
[25] D. Baye, Phys. Rev. Lett. 58 2738 (1987).
[26] P. Descouvemont, C. Daniel, and D. Baye,Phys. Rev. C
67 044309 (2003).
[27] W.A. Fowler, G.R. Gaughlan and B.A. Zimmerman,
Ann. Rev. Astronom. Astrophys. 13 69 (1975).
[28] D. Thompson, M. Lemere and Y. Tang, Nucl. Phys. A
286 53 (1977).
[29] I. Reichstein and Y. C. Tang, Nucl. Phys. A 158 529
(1970).
[30] D. Baye, Phys. Rep. 565 1 (2015).
[31] S.B. Dubovichenko and A.V. Dzhazairov-Kakhramanov,
Phys. At. Nucl. 57 733 (1994).
[32] E. M. Tursunov, P. Descouvemont and D. Baye, Nucl.
Phys. A 793 52 (2007).
[33] E. M. Tursunov and A. S. Kadyrov. Int. J. Mod. Phys:
CS 49, 1960015 (2019)
[34] E.M. Tursunov, D. Baye and P. Descouvemont, Phys.
Rev. C 73 014303 (2006).
[35] E.M. Tursunov, D. Baye and P. Descouvemont, Phys.
Rev. C 74 069904 (2006).
[36] R.G.H. Robertson et al. Phys. Rev. Lett. 47 1867 (1981).
[37] J. Kiener et al. Phys. Rev. C 44 2195 (1991).
6
[38] P. Mohr et al. Phys. Rev. C 50 1543 (1994).
[39] C. Angulo et al. (NACRE), Nuclear Physics A656 3
(1999).
[40] O. Pisanti, A. Cirillo, S. Esposito, F. Iocco, G. Mangano,
G. Miele, and P.D. Serpico, Comput. Phys. Commun.
178 956 (2008).
[41] P.A.R. Ade et al. (Planck Collaboration), Astron. Astro-
phys. 594 A13 (2016)
[42] K.A. Olive, K. Agashe, C. Amsler, et al.Chin. Phys., C38
090001 (2014).
7
